Little attention has been paid to relating MRS outputs of vendor-supplied platforms to those from research software. This comparison is crucial to advance MRS as a clinical prognostic tool for disease or injury, recovery, and outcome.
| INTRODUCTION
In research studies, magnetic resonance spectroscopy (MRS) metabolite ratios are reliable early predictors of developmental outcome following moderate to severe neonatal hypoxic-ischemic injury at term gestational age (GA). [1] [2] [3] Biomarkers such as N-acetylaspartate (NAA), total creatine (Cr), total choline (Cho) and myo-inositol (mIns) can signify normal or abnormal development, while others such as lactate (Lac) can help assess the degree of acute injury. 4 In neonatal hypoxic ischemic encephalopathy (HIE), a meta-analysis has shown that MRS ratios of NAA and Lac in the subacute period after injury provide the best prognostication for long-term outcome. 1 In preterm (PT) infants, NAA/Cho and Cho/Cr ratios in the periventricular white matter (WM) at term GA are better predictors of motor outcomes than conventional MRI at one-year follow-up. 5 In the clinical setting, neuroradiologists use the gross relationship of metabolite peak areas quantified using the vendor-supplied MRS processing software at the scanner console. The ratios of peak metabolite areas derived from vender-supplied software have neither been validated in neonates nor have they been related to values obtained by more advanced spectral fitting methods in research trials.
MRS is only useful as a noninvasive biomedical imaging tool if results are reliable and reproducible in a clinical setting over the range of values that reflect subject variability. 6 The burden falls on the community of MRS researchers and clinicians to address the issue of reproducibility of metabolite ratios between research and clinical MRS scans in order to move the field forward. 7 Short TE spectral fits suffer from multiple overlapping peak shapes that may act as confounds in the final summation of the individual line shapes. Although quite noisy, at long TEs, the fits are more robust to the higher concentration metabolites such as NAA (2.1 ppm), Cho (3.2 ppm) and Cr (3.0 ppm), known for their neuronal, membrane and metabolic indications, respectively, as well as the complete absence of the macromolecule-lipid signal contribution below 1.3 ppm. Furthermore, barring the SNR differential, the main trade-off between short and long TEs is the total number of metabolites that can be reliably quantified. Many of the smaller concentration metabolites such as glutathione (GSH, 2.95 ppm) and gamma-Aminobutyric acid (GABA) (1.9-3 ppm) are dephased at long TEs. Furthermore, these low concentration metabolites are of great interest but have multiple small peak resonances that are usually hidden at short TEs due to the different hydrogen resonances present within the molecules that are swamped by other major metabolites (eg NAA), making them difficult to parse out with any confidence.
One of the most widely used postprocessing programs for quantifying MRS data in research settings is LCModel. 8, 9 LCModel is a proprietary offline, research-based, spectral analysis program that estimates metabolite peak shapes while minimizing data residuals by using a priori metabolite basis spectra. Reliability of voxel placement, FWHM, SNR, as well as between-subject and between-session reproducibility using LCModel, have been addressed in other studies. 10 LCModel, however, is not currently available for turn-key spectral quantification online at the clinical MRI scanner console.
Vendor-supplied software quantifies fewer and less complex spectral peaks than research-based programs like LCModel. The standard metabolites used to fit proton spectra with the vendor-supplied software consist of NAA, Cr, Cho, Lac, and mIns. Customized metabolite shapes can be built; however, this is not a practical approach in clinical practice and creates a new problem in the subjectivity of parameter selections. LCModel uses a more complex basis set that includes a significantly larger number of metabolites; most are lower concentration moieties (eg glutathione, γ-aminobutyric acid, taurine, aspartate, mIns, scyllo-inositol, glutamine) that resonate near the bases of large concentration peaks or have multiplet peak shapes spread across the frequency spectrum. In addition, LCModel simulates the broad macromolecule and lipid resonances that are situated near the peak resonances of Lac near 1.3 ppm. It is well documented that many less complex fitting models cannot properly handle the numerous in vivo confounds from moieties not accounted for in spectral processing without using the prior knowledge of these moieties as constraints to the fitting algorithm. 11 These differences in fitting algorithms can lead to significant variability in metabolite ratios, yet few reports systematically compare metabolite ratios from vendor-supplied processing software and LCModel. One abstract has compared Phillips 1.5 T MRS scanner software metabolite ratios with LCModel outputs at long TEs. 12 Similar data do not exist for Siemens 3 T MR systems, and to our knowledge no comparisons have been published on neonates.
This comparison is critical to the advancement of MRS as a clinical prognostic tool, not only for disease, injury, recovery and outcome, but also in unlocking the potential of MRS for in vivo metabolomics. Therefore, we present here an investigation into the consistency and reliability of metabolic ratios quantified using vendor-supplied console-based MRS fitting software in comparison with the research tool, LCModel, using MRS data obtained on Siemens 3 T TIM Trio and 3 T Skyra MRI scanners (Siemens Healthineers, Erlangen, Germany) in PT infants as well as near-term and term HIE neonates.
2 | METHODS
| Participants
Neonates and infants were enrolled in three prospective studies with neuroimaging components between August 2013-April 2017 ( enrolled in a study of N-acetylcysteine and vitamin D (NVD) in addition to hypothermia, were scanned at 5-6 days on the clinical 3 T Skyra, 19 of whom returned for an unsedated scan at 2-5 weeks after birth on a research Siemens 3 T TIM Trio; 13 PT infants, who were 27-32 weeks GA at birth and enrolled in a nonintervention trial, were scanned unsedated at term age equivalent (GA = 36-44 weeks) on the TIM Trio. A total of 42 complete datasets were obtained on the Siemens 3 T Skyra, and 32 scans on the Siemens 3 T TIM Trio. 
| MRS protocols

| Spectral processing
Versatile Simulation, Pulses, and Analysis (VeSPA) 13 was used to generate customized basis sets, as previously described, 14 at all TEs while adhering to standard LCModel experimental basis set parameters. Calibration of N-Acetylaspartylglutamic acid (NAAG) to NAA and GPC to PCh was then performed once the simulations were finished and the basis sets finalized (as outlined in detail in the LCModel manual). Next, all subjects' spectra were processed using these simulated basis sets with LCModel.
Anonymized Siemens MRS RDA files were processed using LCModel. Eddy-correction was performed for all MRS scans using the built-in functionality of LCModel. The processed spectra were then viewed by a physicist (Dr. Brown) for quality assurance, and the FWHM and SNR were evaluated for meaningfulness of metabolite ratios. All those which were of sufficient quality were included in the database. To obtain only the highest quality scans, inclusion criteria for processed MRS were based on spectral quality as reported by LCModel (FWHM ≤0.03 and SNR > 5), as well as for obvious artifacts due to gross motion and poor water suppression. Representative spectra can be seen in Figure 1 .
FIGURE 1
Example MRS spectra from the three different echo times (TE) used in this study. The spectra framed by the green box are those which met both inclusion criteria of a full-width-half-max (FWHM) < = 0.03 ppm and signal-to-noise-ratio (SNR) > 5; those outlined by the red box show representative samples of excluded spectra. The thin gray line is the raw data and the solid black line is the LCModel fit; the smooth thin gray line below the raw data is the baseline generated automatically by LCModel prior to quantifying each metabolite peak 
| Data analysis
Because absolute quantification is not currently available with the vendor-supplied software, and since it is standard practice for most clinicians to report their findings relative to the Cr peak, LCModel metabolite ratios relative to Cr were used for our analysis. The manufacturer indicated that the same processing software was used in each of the TIM Trio and Skyra platforms (personal communication), and our comparison between vendor-supplied program outputs verified similar ratios; therefore, we grouped the data from the two Siemens MR systems for the comparison with LCModel.
The LCModel processing algorithm takes into account the difference in the number of protons between Cr (3) and Cho (9) during its calculations, whereas the vendor-supplied software does not. Thus, we divided the calculated Cho/Cr ratio from the Siemens software by 3 to normalize the analysis for comparisons with LCModel.
Metabolite ratios were excluded from analysis if the standard deviations were > 20% for NAA/Cr, Cho/Cr or mIns/Cr, as Cramer-Rao lower bounds reported by LCModel. The outputs were correlated with Spearman or Pearson correlation coefficients as appropriate, depending on the distribution of the data within each cohort (HIE or PT) and brain region (BG or WM).
Finally, when metabolite ratios from LCModel and vendor-supplied fitting software were significantly correlated in both STEAM and PRESS sequences (in the BG of HIE infants), we performed a Fisher's r-to-z transformation to determine whether the differences in strength of correlations were significant between the two sequences. For metabolites whose correlations were significant using one but not the other sequence, for instance in the WM spectra, then the transformation was unnecessary as the superior sequence was already known.
| RESULTS
Demographics of our MRS cohorts are detailed in Table 1 . All scans were conducted between 36-48 weeks GA, and included neonates and infants with a variety of clinical conditions and stages of injury. Our data reflect this significant intra-and inter-subject heterogeneity, with variations in the metabolite ratios between WM and BG, degree of acute injury in HIE infants, as well as developmental changes in convalescing HIE and PT infants. Our analysis, therefore, provides a broad range of ratios reflecting the spectrum of neonatal disease and several months of early infant development.
At TE = 30 ms using PRESS, n total = 138 spectra due to repeated scans in individual subjects, and of those, 64 spectra met the strict inclusion criteria. The relationship between vendor-supplied and LCModel outputs varied by metabolites (Figure 2A and B). There is a clear association for
Cho/Cr ratios in both cohorts in the BG, but only for the PT cohort in WM; mIns/Cr ratios correlate in both BG and WM in HIE infants, but not in PT infants. Most importantly, the vendor-supplied software overestimated NAA/Cr with large variability, while the LCModel outputs for NAA/Cr ratios appear to be relatively stable. Correlation coefficients and the corresponding p-values are presented in Table 2 .
At the longer TE of 270 ms, n total = 131 scans due to repeated scans, with 45 useable spectra that met the inclusion criteria. We found that the calculated ratios of NAA/Cr and Cho/Cr correlated strongly between LCModel and vendor-supplied software ( Figure 3A and B). Cho/Cr is reliably correlated between software outputs in the BG in HIE infants, but not in WM for either cohort; mIns was not compared, as it is not reliably measured at TE = 270 ms. Correlation coefficients and p-values are presented in Table 3 . Table 4 .
Comparing ratios between PRESS TE = 30 ms ( Figure 2 ) and STEAM TE = 20 ms (Figure 4) for the HIE cohort, correlation of software outputs for NAA/Cr ratios are significantly stronger using short echo STEAM in both BG and WM, and for Cho/Cr ratios in the WM rather than PRESS; mIns/Cr agreement is underestimated by both sequences in the BG, but is better with PRESS TE = 30 ms in the WM.
The calculated correlation coefficients of software outputs in the BG using STEAM at TE = 20 ms were compared with PRESS at TE = 30 ms or PRESS at TE = 270 ms in HIE patients who had all three sequences performed (Table 5 ). For NAA/Cr, the correlation is significantly higher for TE = 20 ms STEAM than for TE = 30 ms PRESS, and NAA/Cr correlations between software fitting of TE = 20 ms STEAM were not significantly different to those using TE = 270 ms PRESS. For Cho/Cr, correlations using STEAM and PRESS sequences are not significantly different. For mIns/Cr, the correlation between software metabolite ratios is better for PRESS at TE = 30 ms than for STEAM at TE = 20 ms. 
| DISCUSSION
With MRS becoming more widely used as a measure of acute brain injury as well as a prognostication tool, clinical neuroradiologists need reliable metabolite peak area ratios which do not require special postprocessing software. Therefore, we tested if the standard Siemens 3 T MRS fitting software quantifies individualized patient ratios comparable with those obtained by analysis with LCModel, which is one of the most widely used spectral fitting software programs used in research studies. Our results indicate that at a longer TE (ie 270 ms) in a diverse group of neonates, NAA/Cr and Cho/Cr ratios are in excellent agreement between embedded vendor-supplied and LCModel software fitting results. We investigated two standard clinically available short TE sequences routinely used to quantify metabolites having more complex spectra or that are present in lower concentrations. The STEAM sequence at TE = 20 ms produced NAA/Cr and Cho/Cr ratios that were strongly correlated between the two software programs. However, with PRESS at TE = 30 ms there was poor agreement between the NAA/Cr ratios obtained with the vendor-supplied and LCModel spectral processing. With both short TE sequences, scanner software appears to underestimate the mIns/Cr ratio, which could roughly be alleviated with a simple intercept shift. This discrepancy between the fitting methods most likely stems from the fact that
LCModel accounts for the dephasing of the coupled peaks of mIns in the basis set, whereas the scanner software does not. The simple peak area ratios of the scanner are not robust enough to capture this dephasing and therefore underestimate the true values. At short TEs, overlapping metabolite peaks create spectral complexity in vivo and may contribute to the differences in metabolite ratios that we observed, particularly for NAA/Cr. Peak structure around NAA is highly complex at short TEs, leading to results which are not only sensitive to the spectral fitting, but also to background subtraction and the fit of potential confounding molecules. NAA is a valuable reference metabolite, as it correlates well with healthy neurons and developmental outcomes, and Cr measures cellular energetics. 2, 15 As investigators commonly use ratios which have NAA or Cr as the denominator, we also investigated the relationship of NAA/Cr between software fitting programs using the STEAM and PRESS sequences. NAA/Cr ratios are considerably better correlated in the STEAM rather than PRESS sequences at short TEs, although it is still unclear as to why this is the case. In addition, PRESS Cho/Cr ratios at the long TE in neonatal WM were not correlated between the two analysis methods. Futhermore, PRESS at short TEs showed poor agreement between the fitting methods for Cho/Cr in WM. Therefore, caution should be taken when using these short TE MRS sequences without other complementary means of validation for diagnostic purposes.
Both Cr and NAA have been shown to be in flux after stroke, 2, 16 and quantifying both as ratios would be valuable in HIE infants, as they measure different metabolic pathways. Referencing metabolite concentrations of NAA and Cr to Cho (ie NAA/Cho or Cr/Cho) may be an alternative at short TEs, for the purpose of comparison with research data, 5, 17 as Cho appears to be less confounded, perhaps due to relatively sparse contributions to the peak shape by any other resonances within its vicinity. In addition, it would be desirable to relate one changing metabolite to a more stable one, such as Cho, after acute HIE injury. 2 Cho and Cr have large amplitudes and consistent peak shapes, and the Cho/Cr ratio correlated well in PT and term groups using both short TE sequences, with the exception of PRESS outputs from the frontal WM in HIE infants, which did not correlate between LCModel and vendorsupplied software; the mIns/Cr ratio was also underestimated by the vendor-supplied software. Therefore, our data indicates that for those metabolites best imaged at shorter TEs due to better SNR, the increased complexity of spectra requires care in sequence selection as it is still unclear which short TE sequence is superior and implies that further studies are needed. We speculate that if the vendor-supplied fitting algorithm included peak shapes from all the available metabolites utilized by LCModel fitting then the vendor-supplied and LCModel fits would be more
comparable. An increased number of scanner peak resonances would potentially act to explain more variance and decrease error in the fit, thereby generating more reliable metabolite estimations. One thing to note is that the frontal watershed WM region of neonates is difficult to shim correctly as it is highly susceptible to nonstationary B-field fluctuations due to the bone to tissue interface as well as incomplete fat suppression (with PRESS). Shimming may have had an affect on the FWHM and the SNR, and increased the variability of outputs.
At 270 ms TE, most extraneous metabolites (such as mIns, glutathione, etc.) have dephased and the main contributors to the resulting signal are NAA, Cho and Cr, leading to high correlation between the two software outputs. Lac/Cr, though touted as an important biomarker, was not able to be reliably quantified, even using LCModel in most patients. Possible explanations include the transient nature of Lac expression after HIE, and low concentrations otherwise, and overlap with macromolecular peaks making Lac fitting difficult with high standard deviations. Almost every Lac output from LCModel was unuseable, with very few exceptions, so was not included in our analysis due to excessively large Cramer-Rao bounds, indicating an unsatisfactory fit. One thought was to remove the simulated macromolecule basis set from LCModel, but Dr. Provencher, the creator of LCModel, advised us against this approach (personal communication). Another suggestion is that the line shape used to fit the raw signal may be a significant factor, even if the peak is fit correctly (eg double-peak, Lorentzian or Gaussian shapes). This factor seems more likely at short TEs rather than long TE spectra, in which nearly all of the macromolecules have accumulated phase and do not contribute to the measured echo signal.
Alternatively, the simulated and experimental basis sets may not agree for Lac/Cr. A more recent and promising advancement using diffusionweighted MRS was able to reliably separate the overlapping Lac and lipid signals at 1.3 ppm in rat brain tumors. 18 This technique is not only technically challenging but is still in the early stages of development and is far removed from clinical application. Moreover, utilizing a TE = 144 ms would also mitigate this issue, as is well documented, since the doublet of Lac will invert relative to the other peaks, making for better identification. It is quite possible that a chemical shift displacement with the lipid signals around 1.3 ppm overlapping with the Lac signal is the main culprit for unreliable quantification by either fitting algorithm. 19 Thus, a possible solution would be to optimize or increase the bandwidth used in future clinical scans. Further investigation into the discrepancy between the simulated and experimental basis sets needs to be undertaken so that in the future Lac/Cr may be compared between both fitting algorithms. More sensitive and accurate quantification of Lac/Cr would be useful clinically in HIE and other metabolic and tumor pathologies.
A strength of our study is the heterogeneity of patients and gestational ages scanned. As biomarkers, the metabolite ratios should differ among individual patients, as NAA/Cr ratios have been shown by many investigators to correlate with outcome after neonatal HIE and PT birth. 1, [20] [21] [22] Figures 2-4 illustrate the expected heterogeneity of metabolite ratios in our two cohorts in the BG and WM by disease type. We included cohorts of term infants with brain injury and infants born prematurely, as these groups are expected to undergo MR imaging and may benefit from MRS as part of clinical prognostication for outcome. As expected, term infants scanned within a week of acute, hypoxic ischemic brain injury have dramatically different ratios than when scanned 2-8 weeks later, as do PT infants scanned 8-12 weeks after birth, who may have experienced more chronic diffuse cerebral insults. In addition, ratios differed in WM and BG in both groups, perhaps reflecting different susceptibilities to injury, different rates of maturation with development, as well as overall differences in metabolism. As development proceeds, the metabolite variability also reflects different GA at scan as well as different disease processes. 5, [22] [23] [24] [25] [26] We believe the heterogeneity of measured ratios adds to, rather than detracts from, the generalizability of our comparison data.
Our study's limitations include using only a single vendor-supplied software program for comparison with LCModel's outputs. At our institution we exclusively have Siemens scanners, but other studies are underway utilizing other manufacturers' 3 T systems, which will add to our data on reliability and harmonization across different platforms (MARBLE, NCT01309711). It is our hope that these studies will ultimately facilitate the translation of MRS to clinical practice as a prognostic modality in neonates, as well as using MRS as intermediate outcomes for clinical trials. 27, 28 Further experimentation may validate our initial findings with more rigorous experimental constraints. We hope to work closely with the MR vendors to improve the quantitation of their supplied fitting software for more reliable metabolite ratios. Furthermore, the ability to quantify absolute molar concentrations of these intra-cellular metabolites at the scanner console would be a great step towards better understanding of in vivo metabolomics in different disease states and clinical outcomes.
Neonates represent a complex and challenging population as prognostication techniques must address deviations from normal development, changes due to injury, and the interaction of age of development with injury. Nevertheless, this population has a great need for noninvasive neuroimaging assessments, as diverse therapies may be instituted based on neuroimaging results before developmental delays manifest and become fixed developmental impairments. Therefore, we are of the opinion that the use of MRS and other imaging modalities may improve outcomes by identifying high-risk infants, tracking progress with therapies, and influencing neuroplasticity during an important time in development, all of which can impact upon clinical management. As MRS is a useful prognostic tool in research studies, 29 clinical correlation studies such as ours must proceed in parallel with support from MR vendors, to be able to translate the research advances in MR neuroimaging towards better clinical utility and acceptance.
| CONCLUSION
MRS metabolite results for NAA/Cr and Cho/Cr ratios using PRESS at TE = 270 ms appear robust and comparable by different analytical methods currently in use in neonates undergoing research and clinical neuroimaging. As metabolites that contribute to the signal at longer TEs are sparse, neuroradiologists reading vendor-supplied spectral scans can be confident in their diagnostics involving Cr, NAA and Cho ratios in the BG at TE = 270 ms. Short TE spectral methods, with more metabolites to quantify, show promise but need more work to better understand the underlying processes that are in disagreement between the vendor-supplied software and the LCModel fitting algorithms. STEAM at TE = 20 ms offers better agreement in NAA/Cr and Cho/Cr ratios than short echo PRESS at TE = 30 ms, while mIns/Cr appears to be related between LCModel and the vendor-supplied software, but may require a possible correction factor. To show MRS is useful clinically as a biomarker for neonatal brain injury and abnormal development, further multi-institutional trials are needed to expand and enhance online scanner analysis compared with offline software analysis, as we have presented for Siemens systems.
